Lubieniecki KP, Botwright NA, Taylor RS, Evans BS, Cook MT, Davidson WS. Expression analysis of sex-determining pathway genes during development in male and female Atlantic salmon (Salmo salar). Physiol Genomics 47: 581-587, 2015. First published September 1, 2015; doi:10.1152/physiolgenomics.00013.2015.-We studied the expression of 28 genes that are involved in vertebrate sexdetermination or sex-differentiation pathways, in male and female Atlantic salmon (Salmo salar) in 11 stages of development from fertilization to after first feeding. Gene expression was measured in half-sibs that shared the same dam. The sire of family 1 was a sex-reversed female (i.e., genetically female but phenotypically male), and so the progeny of this family are all female. The sire of family 2 was a true male, and so the offspring were 50% male and 50% female. Gene expression levels were compared among three groups: 20 female offspring of the cross between a regular female and the sex-reversed female (family 1, first group), ϳ10 females from the cross between a regular female and a regular male (family 2, second group) and ϳ10 males from this same family (family 2, third group). Statistically significant differences in expression levels between males and the two groups of females were observed for two genes, gsdf and amh/mis, in the last four developmental stages examined. SdY, the sex-determining gene in rainbow trout, appeared to be expressed in males from 58 days postfertilization (dpf). Starting at 83 dpf, ovarian aromatase, cyp19a, expression appeared to be greater in both groups of females compared with males, but this difference was not statistically significant. The time course of expression suggests that sdY may be involved in the upregulation of gsdf and amh/mis and the subsequent repression of cyp19a in males via the effect of amh/mis.
SEX DETERMINATION, THE MEANS by which a bipotential gonad becomes a testis or an ovary, and sex differentiation, which is the development of differences between males and females, are fundamental biological processes. Several different master sexdetermining genes have been identified in vertebrates, insects, and plants, but this variety of primary sex-determining signals often feeds into conserved molecular pathways that regulate male or female development (1) . Fish not only exhibit a wide range of genetic systems for sex determination but also can use several extrinsic environmental cues that are able to modify sex-determination pathways (8, 20, 31) . Salmonids, such as Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss), are gonochoristic with male heterogamety being the norm (i.e., sex is determined by an XY/XX chromosomal system) (6) . However, there is some evidence to suggest that sex differentiation in Atlantic salmon is thermolabile (28) , and high temperature was shown to increase the masculinization rate (51) in an all-female (XX) rainbow trout population carrying the mal mutation (42) . Thus, sex determination and sex differentiation in Atlantic salmon and rainbow trout do not appear to be as straightforward as simply the presence of a sex-determining gene on the Y chromosome.
Comparative genetic mapping of the sex-determining locus, SEX, led to the suggestion that either there were several sex-determining genes in salmonids or else there was a single sex-determining gene that could move around the genome by transposition or translocation of a small chromosome arm (6, 56) . The discovery of the master sex-determining gene in rainbow trout, sdY (57) , and its presence in males of many salmonid species (58) support the latter hypothesis of a universal sex-determination "jumping gene." Despite the identification of the master sex-determining gene in salmonids, there is limited knowledge about the development of testes and ovaries from the undifferentiated gonads in this group of fish. Indeed, there are a few cases where the sdY gene is present in female and absent in male Atlantic salmon (10) . Therefore, obtaining a better understanding of sex differentiation in this species may help to explain this observation as well as provide information on how sex can be manipulated in Atlantic salmon so that all-female stocks can be produced for the aquaculture industry.
In rainbow trout, significant differences in gene expression enable discrimination of the two sexes before they achieve sexual maturity (2, 4, 18, 40, 53) . Therefore, we set out to determine if similar differences exist in male and female Atlantic salmon by examining the expression levels of 28 genes shown previously to be involved in gonad development, sex determination, or sex differentiation in teleost fish.
MATERIALS AND METHODS

SALTAS
Atlantic salmon families and sample collection. Two families of Atlantic salmon were bred by SALTAS at Wayatinah in Tasmania, Australia. One female was bred with a sex-reversed female (XX) and a genetic male (XY) (Fig. 1) . The sex-reversed female was produced by treatment of female fish at an early age with 17-␣-methyltestosterone. This causes them to develop as phenotypic males producing milt (sperm) that always contains an X chromosome. The water temperature was kept constant at 8°C until first feeding began, and then it increased to 14°C by the end of first feeding and kept steady until the end of the experiment. Embryos were collected fortnightly from 30 days postfertilization (dpf) through to 167 dpf and preserved in RNAlater (Ambion) until nucleic acid extraction.
DNA isolation and sdY genotyping. Part of each embryo was processed for isolation of DNA using the DNeasy Blood and Tissue kit (Qiagen) as per the manufacturer's instructions. Samples were quantified using a NanoDrop ND-1000 (Thermo Fisher). SdY genotyping was adapted from the triplicate PCR method described by Eisbrenner et al. (10) using two sdY exon primer sets and a Fabp6b control gene. Each PCR was carried out in a total volume of 12 l containing 40 ng of DNA, 6 l of 2 ϫ GoTaq (Promega), 200 nM of each primer, and 2 l of water. Amplification was performed in a DNA Engine Peltier Thermal Cycler (Bio-Rad) using the following cycling parameters: 5 min at 95°C and 35 cycles of 95°C for 30 s, 66°C for 30 s, 72°C for 1 min, and a final extension step of 5 min at 72°C. Resultant products were diluted 1 in 5, denatured in HiDi formamide (Applied Biosystems) and analyzed using an ABI3130xl capillary sequencer (Applied Biosystems). Allele size was determined using the GeneScan-500 Liz internal size standard and GeneMapper 4.0 software (Applied Biosystems). Sex was determined by the detection of the control gene Fabp6b and with (males) or without (females) both sdY amplicons.
RNA isolation and cDNA synthesis. Prior to RNA extraction the embryos were emulsified in a Bullet Blender Storm 24 homogenizer (Next Advance) using 1 volume/mass of tissue, 1 volume of 0.9 -2.0 mm stainless steel beads, and 500 l of TRIzol reagent (Ambion by Life Technologies). Immediately after homogenization an additional 500 l of TRIzol were added, and samples were processed for RNA isolation. Total RNA was isolated from 20 individuals from each family using the RNeasy Mini Kit (Qiagen) following the manufacturer's instructions. Before the final cleanup step, RNA was treated on the column with RNase-Free DNase (Qiagen) to remove DNA contamination. The concentration and quality of the purified RNA were determined with an ND-1000 Spectrophotometer (Thermo Fisher). First-strand cDNA was synthesized from 1 g of total RNA using SuperScript III Reverse Transcriptase (Invitrogen) and an oligo(dT) 20 primer following the manufacturer's protocol for a 20 l reaction volume.
Genes, primers, and probe design. We chose to study the expression patterns of 28 genes that are involved in sex-determining or sex-differentiation pathways in many vertebrate species (Fig. 2) . The coding sequences for most of the genes were obtained from the National Center for Biotechnology Information and compared with the latest draft sequence of the Atlantic salmon genome (http:// www.ncbi.nlm.nih.gov/nuccore/655945504; Ref. 7) to identify scaffolds containing a particular gene. Intron-exon boundaries were identified by aligning coding regions to genomic sequences using SPLIGN (26) . As the Atlantic salmon genome sequence was derived from a female individual, the sequence of the sdY gene was obtained from three bacterial artificial chromosomes (BACs) (29a) from the CHORI 214 BAC library (35, 50), which was constructed from the DNA of single male salmon. All sequences were screened for suspected and known repetitive elements in salmonids using repeat masker and the salmon v2.0 repeat library (http://lucy.ceh.uvic.ca/repeatmasker/ cbr_repeatmasker.py). Primers and probes for quantitative (q)PCR assays were designed using PrimerQuest software (IDT, http://www.idtdna.com/Primerquest/Home/Index) following the manufacturer's instructions (IDT qPCR application guide). Whenever possible, primers and probes were designed to cover exon-intron junctions to avoid amplification of genomic DNA contamination. Sequences of primers and probes used in the assays are given in Supplementary Table S1. 1 qPCR and data collection. qPCR reactions were performed in triplicate on 440 individuals for each gene using 5=-nuclease assays (Prime Time qPCR assays IDT), MicroAmp optical 384-well plates (Life Technologies), highly transparent adhesive tape (Sarstedt), and a 7900HT Fast Real-Time PCR System (Applied Biosystems). Each plate contained a negative control (no cDNA sample), and, as it was not possible to run all individuals for one gene on the same plate, a linker sample comprising a pool of cDNA from all individuals amplified with primers designed from the elongation factor 1A A gene (EF1AA) as previously described (22) . The results of the linker sample were compared across all plates to test for technical plate-to-plate variation. EF1AA was chosen as the endogenous control gene (positive control). Two sets of PrimeTime qPCR assays were used: the first across exons 3 and 4 and the second spanning exons 6 and 7. Amplification of two exons from the endogenous control gene served as an additional cDNA quality control (22) . The qPCR reactions were carried out in a 10 l reaction containing 2ϫ Kapa Probe Fast qPCR Master Mix (Kapa Biosystems), 1ϫ PrimeTime qPCR Assay, and 5 ng of cDNA. All assays were run using the following thermal cycling conditions: 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The expression data were collected using the ABI Sequence Detection System (SDS) version 2.3, and cycle threshold (C T) values were obtained from RQ Manager version 1.2.1.
Statistical analysis. Relative quantification (RQ) of gene expression to that of EF1A A was calculated by the comparative CT method (⌬⌬CT) with the correction for assay amplification efficiency (22, 39) . A one-way analysis of variance was used to compare RQ values between the male and female groups. Statistical significance was assessed by Tukey's multiple-comparison test. The differences in RQ 1 The online version of this article contains supplemental material. Fig. 2 . Illustration of how the genes examined in this study are predicted to influence sex determination or sex differentiation. Fig. 1 . Schematic illustrating how the 2 families in the study were produced. A sex-reversed female (neo-male; green symbol) was mated to a regular female (red symbol) producing all female (green squares) offspring. The same female was crossed with a regular male (blue symbol) producing 50% male (blue triangles) and 50% female (red circles) offspring.
between the groups were considered as statistically significant at P value Ͻ 0.01.
RESULTS AND DISCUSSION
The purpose of this project was to identify differentially expressed genes during male and female development in Atlantic salmon. It has been shown that a wide variety of genes may be responsible for sex determination in vertebrates (1), but in contrast it has been suggested that downstream processes of the sex-differentiation and sex-determination molecular pathways are conserved (5, 13, 15, 16, 20, 25, 27, 32, 33, 34, 47, 55, 57, 59) . Based on these studies we chose to investigate 28 genes, which can be divided into three groups: 1) genes involved in bipotential gamete development (gata4, sf1, wt1, vasa, ly75, dnd); 2) genes necessary for testis determination and differentiation (dax1, dmrt1, cited2, sox8, sox9, sox9␣2 , gsdf, sdY, amh/mis, ar␣, ar␤, srda5a2); and 3) genes required for ovary determination and differentiation (rspo1, foxl2a, ctnb1, figla, fst, fsh, fsh-r, er␣, er␤, cyp19a) (Fig. 2) .
The ability to produce sex-reversed female Atlantic salmon (23) allowed us to generate a family in which all the offspring will develop as females. The eggs from the dam of this family were also fertilized with milt (sperm) from a regular male, and there should be equal numbers of males and females in the offspring of this family (Fig. 1) . As the dam was common to both families, this should limit any maternal effect on development. We were then able to compare the expression levels of genes during development in two groups of females and one group of males. As expected, there were no statistical differences in the expression levels of any of the genes in the two female groups.
Differences in expression levels between males and the two groups of females were observed for gonadal soma-derived growth factor (gsdf) (Fig. 3) and anti-Müllerian hormone (amh) also known as Müllerian-inhibiting substance (mis) (Fig. 4) . These differences were first evident at 69 dpf when hatching was complete. The differences were statistically significant in the last four developmental stages examined (83, 97, 111, and 124 dpf), which correspond to the transition from reliance on the yolk sac for nutrition to first feeding.
Gsdf is a member of the transforming growth factor-beta (TGF-␤) superfamily, first identified as a hormone controlling the proliferation of the primordial germ cells (PGC) and spermatogonia in rainbow trout during embryogenesis (45) . In juvenile trout, expression of gsdf occurs first at 30 dpf in genital ridge somatic cells directly contacted with PGCs supporting germ cells development. In adults, expression of the gsdf gene was observed in Sertoli cells located around the spermatogonia indicating its role in testis development (45) . Although gsdf is also present at a significant level in granulosa cells surrounding oogonia and previtellogenic primary oocytes in sexually mature female trout, it does not affect the proliferation of oocytes (30, 45) . This suggests that gsdf may play an important role in regulation of reproductive function in the ovary, but it differs from that in the testis. The expression pattern of gsdf is conserved among male teleosts as similar observations to that of rainbow trout have been made for medaka, zebrafish, protogynous wrasse, and common carp (14, 21, 46) . Female teleosts have similar gsdf expression patterns to those in trout with the exception of the three-spot wrasse, whose ovary showed a very low level of gsdf transcripts in the early stage of oogenesis with weak expression in cells surrounding oogonia and perinucleolar oocytes (21) . In this study gsdf expression was first detected in males at 69 dpf, which was about 40 days later than in rainbow trout (45) . It should be noted that gsdf Fig. 3 . Developmental expression patterns of gsdf in Atlantic salmon females in a family where the father was neo-male, (green squares), females from a normal cross (red circles), and in males from a normal cross (blue triangles). (see Fig. 1 for details of family production). ***Statistically significant differences between males and both female groups P Ͻ 0.01. RQ, relative quantification.
is the master sex-determining gene in medaka (Oryzias luzonensis) (33) and is a strong candidate for the master sex-determining gene in sablefish (Anoplopoma fimbria) (44) . Gsdf was initially considered to be unique to teleosts; however, a recent study by Forconi et al. (12) found gsdf expression in the Indonesian coelacanth (Latimeria menadoensis), a representative of the oldest lineage of the tetrapods. Phylogenetic analysis revealed that coelacanth and teleost gsdf form a single clade, and thus the authors proposed that gsdf is an ancestral male sex-determining gene, which arose early in vertebrates but was later lost during tetrapod evolution while being retained in the teleosts.
Amh/mis, like gsdf, belongs to the TGF-␤ superfamily (3). It is a glycoprotein, which plays an important role during regulation of sex determination in several teleosts (37) . In mammals, birds, and reptiles, amh/mis is highly expressed in Sertoli cells and inhibits the formation of Müllerian ducts during male fetal development (24) . In female mice amh/mis is expressed in granulosa cells within a few days after birth, enabling normal development of the female genital tract (9) . In addition, it is also an important regulator of gonadal steroidogenesis as it inhibits the expression of aromatase (cyp19a), the enzyme that converts androgens to estrogens during development of the gonads (11) . Although amh/mis is detected in both male and female rainbow trout, its expression is significantly higher in testis compared with ovary even before hatching (2, 4, 53) . Our results are in agreement with their findings that amh/mis expression is significantly higher in males than in females during development.
Another gene that showed differential expression was aromatase (cyp19a) (Fig. 5) . In the last four developmental stages which we examined, the level of expression of cyp19a was higher in both female groups than the male group, but this did not reach statistical significance. Aromatase is a microsomal enzyme in the steroidogenic pathway, which controls the balance of androgens and estrogens. Most teleost fish possess two aromatase genes: cyp19a, the ovarian type, involved in sex determination and sex differentiation, and cyp19b, which is highly expressed in the brains of males and females (17, 54) . A high level of expression of the ovarian aromatase increases the level of estradiol E2 in relation to androgens and promotes female development in many teleost species (17) . On the other hand treatments with aromatase inhibitors during sex differentiation leads to phenotypic males from genetic females (17, 41) . The use of aromatase inhibitors in adult Nile tilapia, medaka, and common carp females induces sex reversal with the disappearance of ovaries and formation of functional testeslike organs (36, 38) . A similar observation was made for adult zebrafish (48) . This suggests that estrogens not only play important roles as triggers of ovarian differentiation but also are required to maintain this ovarian differentiation (17) .
Cyp19a is downregulated by the expression of amh/mis in mammals and some fish (19, 29, 43, 52) . Similar observations were made in Atlantic salmon by von Schalburg et al. (54) , who observed expression of amh/mis, but not cyp19a, in most adult tissues. This supports the hypothesis that, as in mammals and other fish, amh/mis inhibits the expression of cyp19a in this species (54) . This is further supported by our observations, which show higher expression of cyp19a in females than males starting at around 83 dpf, by which time the expression of both amh/mis and gsdf is significantly higher in males than in females. Our results with cyp19a parallel those seen in rainbow trout, in which cyp19a is expressed more in females than males at later stages of development (18, 53) . The similarity in developmental expression profiles of amh/mis and gsdf may Fig. 4 . Developmental expression patterns of amh/mis in Atlantic salmon females in a family where the father was neo-male, (green squares), females from a normal cross (red circles), and in males from a normal cross (blue triangles). (see Fig. 1 for details of family production). ***Statistically significant differences between males and both female groups P Ͻ 0.01. reflect their common origin since both are members of the same TGF-␤ superfamily (3, 45) .
There were no statistically significant differences in expression profiles between males and females for the other genes that we examined. We also compared the expression profiles of three groups of genes: bipotential gamete development, testis determination and differentiation, and ovary determination and differentiation (Fig. 2) in the three samples (males and females from a regular family and the females from the family produced by the sex-reversed female crossed with a regular female; Fig. 1 ) to determine if there was coordinated expression or inverse expression patterns among the genes. The only immediately discernable pattern of coexpression was seen in the set of genes termed "involved in testis development," Fig. 5 . Developmental expression patterns of cyp19a in Atlantic salmon females in a family where the father was neo-male, (green squares), females from a normal cross (red circles), and in males from a normal cross (blue triangles). (see Fig. 1 for details of family production). Fig. 6 . Developmental expression patterns of sdY in Atlantic salmon males from a normal cross (blue triangles). (see Fig. 1 for details of family production).
EXPRESSION OF ATLANTIC SALMON SEX GENES DURING DEVELOPMENT
where sox9, sox9a2, srda5a2, and cited2 appeared to increase in expression at the same time during development in all three groups.
The level of sdY expression started to increase at ϳ58 dpf (Fig. 6 ) and remained relatively steady from 63 dpf until the end of our sampling period. It is interesting to note that the developmental expression of sdY occurs just prior to gsdf and amh/mis being differentially expressed in males and females. The role of sdY in sex determination in salmonids is still not clear. Based on the developmental profiles of sdY, gsdf, amh/ mis, and cyp19a, it is tempting to speculate that sdY is involved in the upregulation of gsdf and amh/mis and that amh/mis alone or in combination with gsdf inhibits the expression of cyp19a, preventing the accumulation of estrogens to the threshold required for female development. In females, where sdY is absent, there is no corresponding repression of cyp19a, and hence ovarian aromatase can produce sufficient estrogen to drive female sexual development.
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